Introduction
Necrotizing enterocolitis (NEC) remains a leading cause of morbidity and mortality in preterm infants [1, 2] . The pathophysiology of the disease is characterized by an excessive inflammatory response and necrosis that can affect any part of the gastrointestinal tract, though it often targets the small bowel [1, 2] . Moreover, although prematurity, bacterial colonization, formula feeding, and several other factors may predispose the intestinal mucosa to an excessive inflammatory response state in NEC [1, 2] , the underlying regulatory mechanism of mucosal imbalance remains largely unknown.
An imbalance caused by diminished tolerogenic Foxp3 + regulatory T (Treg) cells and increased proinflammatory interleukin-17 (IL-17)-producing T helper 17 (Th17) cells in lamina propria contributes to the excessive inflammatory response caused by NEC [3] [4] [5] . Consistently, a recent study also showed that the infiltration of T cells to intestinal tissue and polarization of these cells towards Th17 cells over Treg cells led to necrosis of intestinal tissue in mice [3] . T cell migration from peripheral blood to small intestine is largely regulated by chemokine (CC motif) receptor 9 (CCR9) [6, 7] . Intriguingly, the frequency of circulating CCR9 + CD4 + T cells was found to be increased in patients with gastrointestinal diseases such as small bowel Crohn's disease [8] , functional dyspepsia [9] , and delayed gastric emptying [10] . These findings reveal the importance of circulating CCR9 + CD4 + T cells in gastrointestinal disease, but whether or not this population has critical role in NEC remains unclear.
Treg and Th17 cells can develop from the same pool of naive T cells under a distinct microenvironment [11, 12] and, in some conditions, can also trans-differentiate [13] [14] [15] . Further, an intermediate subset of IL-17-producing Treg (IL-17 + Treg) cells can be generated from Treg cells upon polarization by cytokines such as IL-6 [16] [17] [18] . Accumulating data demonstrated that circulating IL-17 + Treg cells are increased and play a critical role in inflammatory diseases such as inflammatory bowel disease (IBD) [19] , psoriasis [20] , and rheumatoid arthritis (RA) [13] . Interestingly, recent studies showed that the levels of IL-6 are significantly elevated in peripheral blood and intestinal tissue of patients with NEC [5, 21] . Considering the critical role of circulating CCR9 
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Study subjects
Peripheral blood samples were collected from 77 preterm neonates diagnosed with NEC (Bell stage I, n = 28; Bell stage II, n = 30; Bell stage III, n = 19) according to the clinical manifestations and radiographic findings using modified Bell's criteria [22] , born at the Sixth Affiliated Hospital, Sun Yat-sen University, the Foshan Women and Children's Hospital, the Guangdong Women and Children Hospital, and the Fifth People's Hospital of Dongguan between March 2016 and September 2017. In the 19 patients having Bell stage III NEC, there were 11 that required surgical intervention and one NEC totalis patient who died. Blood specimens from another 80 gestational age (GA)-, birth weight (BW)-, and sex-matched preterm neonates admitted to the neonatal intensive care unit (NICU) without NEC during the same period served as control subjects (Tables 1 and 2 ). All infants recruited in this study were born at GA b 37 weeks and had no major congenital malformations. Spontaneous intestinal perforation (SIP) was distinguished through clinical and radiological testing and defined as the presence of an isolated intestinal perforation surrounded by apparently normal bowel tissues and the absence of characteristic gross or microscopic features of NEC through a laparotomy [23] . Infants diagnosed with SIP were excluded from our analysis. This study protocol was performed according to the Declaration of Helsinki and was approved by the Ethics Committee of the Sixth Affiliated Hospital, Sun Yat-sen University and the Fifth People's Hospital of Dongguan (2016001). Written informed consent was obtained from the parents of each participant.
Sample collection
One-millilitre peripheral venous blood samples used for the measurement of cytokines, intestinal barrier integrity biomarkers, and T cell subsets was obtained at the time of diagnosis before the initiation of treatment. For some patients whose peripheral venous blood were also tested for Treg cell polarization, suppressive activity and the genes expression of Foxp3 and RORγt, the lymphocytes were collected from additional 2 ml blood samples which were used for biochemical testing. In the control subjects, blood samples were taken after written informed consent was obtained.
Isolation of Treg and CCR9 + CD4 T cells
Peripheral blood mononuclear cells (PBMCs) and cord blood mononuclear cells (CBMCs) were isolated by density gradient centrifugation with Ficoll-Hypaque (GE Healthcare, Little Chalfont, UK (Table S1 ) and sorted using the Aria II cell sorter (BD Biosciences, San Jose, CA, USA). The purity of all isolated cell subsets was N90%.
Treg cell polarization assay
Treg cell polarization assay were cultured according to a previous report [13] and our preliminary experiment (Fig. S1) .
Induction of experimental NEC
All experiments were approved by the Institutional Animal Care and Use Committee of Sun Yat-sen University. Ten-day-old C57BL/6 mouse pups were collected from the Experimental Animal Center of Southern Medical University (Guangzhou, China) and NEC-like injury was induced as previously described [28] using formula [Similac Advance infant formula (Abbott Nutrition, Columbus, OH, USA):Esbilac (PetAg) milk replacer for Puppies, 2:1] containing enteric bacteria from a patient with surgical NEC (12.5 μl original stool slurry in 1 ml formula) via gavage five times daily. The mice were simultaneously exposed to hypoxic conditions (5% O 2 , 95% N 2 ) for 10 min twice daily in a modular chamber (Billups-Rothenberg, San Diego, CA, USA) for 4 days. Pups were fed 50 μl/g body weight gavage over 2-3 min, using a single oral gavage via fine polyethylene tubing. For the inhibition of IL-6 upon the onset of NEC, mice were inoculated with 100 ng anti-IL-6 receptor (NEC + aIL6R group) or control IgG (NEC + cIgG group) antibodies via intraperitoneal injection once daily. According to our preliminary experiment (Fig. S2, a-c) , control animals were left with their dams to breastfeed. Animals were euthanized on day 5 after NEC induction, or earlier if they demonstrated moribund signs.
Tissue collection and injury evaluation
After the animals were sacrificed, the terminal 5 cm of the small intestine (ileum) was removed. The terminal 0.5 cm of each sample was fixed with 10% formalin. Fixed tissues were embedded in paraffin, then sectioned to 5-μm slices, and stained with hematoxylin and eosin (H&E) for histological evaluation. The remaining 4.5 cm of the ileum was used for tissue preparation or isolation of lymphocytes. Two independent pathologists, blinded to the study conditions, determined the severity of mucosal injury. The histological scoring system was graded as follows: grade 0, normal intestine; grade 1, epithelial lifting or separation; grade 2, sloughing of epithelial cells to the midvillus level; and grade 3, necrosis of the entire villus. Tissues with histologic scores ≥ 2 were considered as having NEC [29, 30] .
Tissue preparation for immunoblot assay
Total protein from mouse ilea was prepared using a total protein extraction kit (Applygen, Beijing, China) according to the manufacturer's instructions. Protein samples were resolved by SDS-PAGE on pre-cast 4-15% gels (Bio-Rad, Hercules, CA, USA) and transferred to polyvinylidene fluoride (PVDF) membranes (Merck Millipore, Burlington, MA, USA) and incubated overnight at 4°C with rabbit polyclonal antibodies against Foxp3 (ab10901), RORγt (ab207082), STAT3 (ab68153), p-STAT3 (phospho S727, ab30647), STAT5 (ab16276), p-STAT5 (phospho Y694, ab32364), and β-actin (ab179467, Abcam, Cambridge, UK). Horseradish peroxidase-conjugated anti-rabbit polyclonal antibodies (Goat anti-rabbit IgG-HRP, ab6721, Abcam) were used as secondary antibodies and detected using enhanced chemiluminescence (ECL) substrate (Bio-Rad). Band densitometry was performed using Image Lab software (Bio-Rad). The relative index was represented as the ratio of the selected protein/β-actin, and was the average of three biological replicates.
Preparation of lamina propria mononuclear cells for flow cytometry
To obtain T cell-enriched lamina propria mononuclear cells (LPMCs), the Lamina Propria Dissociation Kit (Miltenyi Biotec) was used according to the manufacturer's instructions. Briefly, mouse ileum specimens were cleaned of mesentery, opened longitudinally, gently fragmented with scissors, and incubated in a pre-digestion solution at 37°C. Tissues were incubated for 20 min with continuous shaking. Supernatants containing the intraepithelial lymphocytes (IELs) were then discarded. The remaining tissues were incubated in digestion solution at 37°C for 30 min with continuous shaking. Cells were then washed with PB buffer (PBS with 0.5% BSA) and resuspended in PB buffer for further application.
ELISA measurement
The concentration of cytokines and intestinal barrier integrity biomarkers in blood plasma was tested using commercial ELISA kits for IL-1β, IL-6, trefoil factor 3 (TFF3), intestinal-fatty acid binding protein (I-FABP), and zonulin (CUSABIO, Wuhan, China) according to the manufacturer's protocols. (Table S3) after fixation and permeabilization. Fluorescence data were acquired using FACS Canto II (BD Biosciences) and analysed with FlowJo software (FlowJo, Ashland, OR, USA).
Flow cytometry
Statistical analysis
Unless otherwise specified, data are expressed as the mean ± standard deviation (SD) and were analysed using Prism software version 7.0 (GraphPad, La Jolla, CA, USA) and SPSS software version 21 (IBM, Hampshire, UK). Statistical significance between two groups was analysed using the nonparametric Mann-Whitney U-test or Student's t-test. Differences among three or more groups were evaluated with KruskalWallis with paired comparisons test or one-way ANOVA with Bonferroni multiple comparison test. Potential correlations were examined using Spearman's rank correlation test. A value of P ≤ .05 was considered statistically significant. (Fig. 1, a and b, top) . Furthermore, we found that the increase in CCR9 + CD3 + T cells occurred primarily in CCR9 + CD4 + T cells (Fig. 1,   a and b, middle), but not CCR9 + CD8 + T cells (Fig. 1, a and b, bottom) .
Additionally, we also examined the proportion of CD3, CD4, CD8, and CD19 lymphocyte subsets (Fig. S3a) but found that the absolute numbers and frequencies of the above subsets were not significantly different in NEC patients and controls (Fig. S3b) (Fig. 2, a and b) . Conventional Treg cells are known to express low levels of CD127 [24, 25] ; furthermore, CCR6, CD161, and IL-17 are human Th17 cell markers [32] . Intriguingly, as in Th17 cells, CCR9 + IL-17 + Treg cells expressed higher levels of CCR6, CD161, IL-17, and CD127 compared to conventional Treg cells (Fig. 2, a and b ). (Fig. 1, d and e) , the frequency of CCR9 + IL-17 + Treg cells in freshly isolated CCR9 + Treg cells was also significantly increased in patients with NEC compared to controls (Fig. 3, a and b) . Considering the limited blood volume in preterm infants and the distinct proportion of CCR9 + IL-17 + Treg cells in CCR9 + Treg cells (Fig. 3, a and b with NEC, we examined the levels of TGF-β, IL-1β, IL-2, IL-6, IL-21, and IL-23 in plasma samples and found unchanged levels of IL-2, IL-21 and IL-23 but significantly increased levels of IL-1β and IL-6 in NEC patients compared to that of controls (Fig. S7) . Since IL-6 and IL-1β together promote the development and expansion of Th17 cells [13, 15] , increased levels of the two cytokines in patients with NEC may also create the ideal conditions for the expansion of IL-17 + Treg cells [13, 33] . To test this hypothesis, we cultured the purified CCR9 + Treg cells from the peripheral blood of patients with NEC and controls for 4 days ( , and p-STAT5; β-actin was used as an internal control. Data are pooled from three independent experiments (n = 6 per group)**, P b .01; ***, P b .001; ns: not significant. P-values were calculated using one-way ANOVA with Bonferroni multiple comparison test.
increased (Fig. 4b) . A significant increase in the mean fluorescence intensity (MFI) of RORγt was also seen when cells were cultured with IL-6 or IL-6 with IL-1β (Fig. 4, c and d) . Moreover, a neutralizing antibody against IL-6 receptor (anti-IL6R), but not against IL-1β, inhibited the generation of CCR9 + IL-17+ Treg cells when Treg cells were cultured with IL-6 and IL-1β (Fig. 4, e and f) . Taken together, these findings indicate that IL-6 plays a crucial role in the polarization of CCR9 + Treg cells to CCR9 + IL-17 + Treg cells.
Treatment with antibodies targeting IL-6 receptor ameliorated NEC in mice
Considering the ability of the anti-IL6R antibody to inhibit IL-17 + Treg cells polarization in vitro (Fig. 4, e and f) and imbalance of Treg/Th17 cells in NEC tissues [3] , we assessed whether treatment with this antibody would ameliorate NEC. Notably, in mice with NEC, treatment with the anti-IL6R antibody resulted in a significant reduction in NEC mortality (Fig. 5a) , severity (Fig. 5, b and c) , and morbidity ( Fig. 5d ) compared to control IgG antibody treatment. Most significantly, treatment with the anti-IL6R antibody resulted in a significant increase in Treg cells and a reduction in Th17 and IL-17 + Treg cells compared to those with control IgG antibody treatment, as revealed by flow cytometry (Fig. 5 , e and f) and immunoblotting (Fig. 5, g and h) . Because signal transducer and activator of transcription (STAT) activity plays an important role in the differentiation and balance of Th17 and Treg cells [34] , we assessed the phosphorylation of STAT3 and STAT5, which are important for the generation of Th17 and Treg cells, respectively. Immunoblotting indicated that STAT3 phosphorylation was significantly decreased, while STAT5 phosphorylation was markedly increased by anti-IL6R antibody treatment compared to that by control IgG antibody treatment (Fig. 5, g and h) . These data suggest the robust therapeutic benefit by anti-IL6R antibody is dependent on the reduced IL-17 + Treg and Th17 cells polarization through IL-6-mediated STAT3 and STAT5 phosphorylation. (Fig. 6, a and b) . However, in NEC tissues, we found a significant positive correlation between the histological scoring and the frequencies of Th17 and IL-17 + Treg cells, while the histological scoring showed negative correlation with Treg cells (Fig. 6c) [15] . In the present study, we find that IL-6 alone or IL-6 and IL-1β potently promoted the polarization of CCR9 + Treg cells to CCR9 + IL-17 + Treg cells from NEC and controls patients in vitro. Previous studies in various autoimmune and inflammatory diseases have shown that IL-6 blockade is a novel treatment strategy [38, 39] . Similarly, we also find that blocking IL-6 signalling would ameliorate NEC through increased the ratio of Treg/Th17 cells in an experimental NEC model, suggesting that some of the beneficial effects of these therapies may derive from regulating the plasticity of Treg cell fate. IL-6 signalling, through the JAK-mediated phosphorylation of STAT3, is required for Th17 cell production [40] . Importantly, in our experimental NEC model, we observe a decrease in the levels of STAT3 phosphorylation and the frequency of Th17 cells in inflammatory tissues when mice were treated with anti-IL6R antibodies. As a key positive regulator of Foxp3, we also observe an increase in the levels of STAT5 phosphorylation and the frequency of Treg cells. These data suggested that elevated polarizing cytokines, especially IL-6, might promote the conversion of 
